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Chapter 4. Cold gas and dust: Hunting spiral-shape structures in early type
galaxies
Our true mentor in life is science.
Science is the most reliable guide
in life.
— Mustafa Kemal Atatu¨rk
Abstract
O
bservations of neutral hydrogen (H I) and molecular gas have shown
that 50% of the nearby early-type galaxies contain some cold gas.
Molecular gas is always found in small gas discs in the central region
of the galaxy, while neutral hydrogen is distributed in a low-column density
disc or ring sometimes exteding well beyond the stellar body. Dust is frequently
found in early-type galaxies, as well. To understand the link between dust
and cold gas, mainly neutral hydrogen, we analyse the distribution of the dust
and cold gas using deep optical imagining from the MegaCam camera at the
Canada - France - Hawaii Telescope. We have created a target sample with
H I-rich galaxies, and a control sample with H I-poor galaxies. Having inspected
the deep colour images, we find that all of the H I-rich galaxies contain dusty
structures. Moreover, 57 percent of these H I-rich galaxies show spiral-shape
dust lanes. Although the dust detection rate is relatively high in the H I-
poor galaxies (∼59 percent), most of these systems exhibit a regular dusty disc
structure without any evidence for spiral structures. We compare dusty galaxies
based on their H I content and find that the H I-rich galaxies are somewhat
younger and contain less regular dust systems which extend to almost two times
larger radii than in H I-poor objects. We also estimate the amount of interstellar
matter by subtracting a dust-free colour from the colour maps. Dust-free colour
is measured from areas in these colour maps without small-scale structure. We
find that our estimates are consistent with the observed amounts of H I gas.
In order to keep the dust structures in the galaxies, continuous gas accretion is
needed, and the large H I gas resorvoirs in early-type galaxies can supply all the
necessary gas for a long time. The good correspondence between the observed
H I and the interstellar matter mass inferred from the dust indicates that there
must be a considerable amount of molecular gas in early-type galaxies with H I
detections. Our findings indicate an important relation between the presence of
cold gas and dust in early-type galaxies, and offer a way to study the inter-stellar
medium in much larger detail than possible from H I observations.
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4.1 Introduction
Integral field spectroscopy has shown that many, probably most, giant ellipticals
and lenticulars (hereafter ETGs) contain inner, fast rotating discs (e.g., Sarzi
et al., 2006; Emsellem et al., 2007, 2011). These discs often show large amounts
of ionized gas and young stellar populations (e.g., Kuntschner et al., 2010;
McDermid et al., 2015b). In spiral galaxies the situation is similar − here
also many central discs are found. These central discs generally rotate faster
than the main disc.
Although central disc studies are always limited to either relatively low
resolution or a very small field of view (FOV) or limited spectral resolution
(e.g., Cappellari et al., 2011a; Laurikainen et al., 2011; Kormendy & Bender,
2012; Krajnovic´ et al., 2013; Weijmans et al., 2014), deep optical images have
shown that the disc structure in ETGs can extend to very large distance from
the center (Duc et al. 2014, 2015). These deep optical studies provide good
quality data for not only the outer regions but also the inner regions of galaxies.
Similarly, observations of neutral hydrogen (H I) and molecular gas such as
CO have shown that ETGs have gas discs (e.g., van Driel & van Woerden, 1991;
Young, 2002; Morganti et al., 2006; Oosterloo et al., 2007, 2010; Crocker et al.,
2011). More recently, observations carried out as a part of ATLAS3D survey1
have shown that ∼50 percent of all nearby ETGs contain some cold gas (Young
et al., 2011; Serra et al., 2012, hereafter S12). The molecular gas is typically
found in small gas discs in the central regions and is linked to small amounts
of star formation (SF) (Alatalo et al., 2013; Davis et al., 2013). In contrast H I
has been found distributed in discs or rings much larger than the stellar body
(S12). If the column density of the gas is high enough, these H I discs host star
formation with an efficiency (star formation per unit gas mass) similar to that
of spirals (Yıldız et al., 2015, 2017).
Given their cold gas content, it is no surprise that many ETGs host some
dust too. Indeed, the presence of dust in these galaxies has long been known
and discussed in the literature (e.g., Sadler & Gerhard, 1985; Lauer et al., 1995;
Van Dokkum & Franx, 1995; Ferrari et al., 1999; Tran et al., 2001). Having
discovered the relation between dust and ionized gas (e.g, see review by Ford
et al., 1997), scientists have focused on the inner regions of ETGs to measure
the mass of the supermassive black holes that reside in the center of galaxies,
studying in this way the link between dust, gas and black hole, and learning
about active galactic nuclei.
Most previous studies have revealed dust structures in the very central
regions of ETGs by using the Hubble Space Telescope (HST) (Simo˜es Lopes
et al., 2007; Martini, Dicken & Storchi-Bergmann, 2013). In this paper, we
analyse ground-based deep optical images with lower angular resolution than
1http://www-astro.physics.ox.ac.uk/atlas3d/
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the HST ones and with (often) saturated galaxy centres, but with much higher
signal-to-noise ratios and radial coverage, which means that we are in a much
better position to study the dust everywhere except in the very central regions.
Martini, Dicken & Storchi-Bergmann (2013) propose a hybrid scenario
including both external accretion and internal production for the origin of the
dust in ETGs. In their scenario, the accreted dust is associated with cold gas
accretion, and internal dust is produced via stellar evolution such as winds or
supernovae. Therefore, it is possible to form a substantial dust structure in
ETGs. They also claim that all active ETGs (containing an active AGN) have
dust features, while only 20 percent of the inactive ETGs is showing some dust
features. Lopez et al (2007) generally find complex dust structures (including
spiral-shape lanes) in the very central regions of ETGs. However, they also find
some spiral-shape dust structures (< 25 percent). Davis et al. (2015) claim that
the gas in their sample of bulge dominated galaxies, containing large dust lanes,
has been accreted through a minor merger.
In this paper, we aim to bring together the deep optical images and the H I
/CO data to understand the relation between cold gas and dust. In particular,
we try to understand whether the large H I discs play a role in the formation
and evolution of the dust structures in the local ETGs. To do so, we investigate
the distribution of dust in our sample galaxies by using deep colour images (i.e,
g′ − r′). We classify the dust morphology and compare H I-rich to H I-poor
ETGs. We model the dust-free colours in the galaxies and subtract them from
the colour images to measure the extinction. We verify whether the amount of
extinction is consistent with the known cold interstellar matter content.
This chapter is organized in the following way. In section 4.2, we describe the
target and control sample selection. In section 4.3, we describe the data (H I and
optical) and the methodology used for our work. In particular, modelling the
dust-free colour, measuring the extinction and comparing it with the H I surface
density in our sample galaxies. In section 4.4, we present our results about the
morphology of the dust structures by classifying them and their radial extent.
We discuss the relation between cold gas and dust by comparing the fraction of
galaxies in the various morphological classes in the H I-rich and -poor ETGs. In
section 4.5.1 we discuss whether environment plays a role on the relation and
we also compare our results with those of different parameters. In section 4.6,
we present our conclusions.
4.2 Sample
In order to study the relation between the dust distribution and the H I
properties of ETGs we select an H I-rich sample and an H I-poor control sample.
With a few exceptions, the two samples are the same as those studied in Yıldız
et al. (2015), where we compared H I and UV properties of ETGs. Compared
to the H I-rich sample of Yıldız et al. (2015), we exclude the Virgo galaxy NGC
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Figure 4.1 – Top panels. Distribution of the difference between the stellar mass (left),
environment density (middle) and effective radius (right) of the H I-rich galaxies and H I-poor
control galaxies. Bottom panels. FUV exposure time distribution of H I-rich and -poor control
galaxies (left) and distribution of the difference between the distance of the H I rich galaxies
and the one of their H I-poor control galaxies. See section 4.2 for details.
92
Chapter 4. Cold gas and dust: Hunting spiral-shape structures in early type
galaxies
No Name D Vhel MK log10(Reff ) P.A. ε E(B − V ) log10M(H I) log10M⋆,r
[Mpc] [km/s] [mag] [arcsec] [degrees] [ ] [mag] [M⊙] [M⊙]
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
1 NGC 2594 35.1 2362 -22.36 0.82 306 0.122 0.050 8.91 10.47
2 NGC 2685 16.7 875 -22.78 1.41 37 0.402 0.051 9.33 10.31
3 NGC 2764 39.6 2706 -23.19 1.09 173 0.218 0.034 9.28 10.64
4 NGC 2859 27.0 1690 -24.13 1.43 269 0.272 0.017 8.46 10.97
5 NGC 3414 24.5 1470 -23.98 1.38 135 0.079 0.021 8.28 11.11
6 NGC 3522 25.5 1228 -21.67 1.01 241 0.504 0.020 8.47 10.31
7 NGC 3619 26.8 1560 -23.57 1.42 72 0.020 0.013 9.00 10.91
8 NGC 3626 19.5 1486 -23.30 1.41 179 0.454 0.017 8.94 10.54
9 NGC 3838 23.5 1308 -22.52 1.04 144 0.382 0.009 8.38 10.36
10 NGC 3941 11.9 930 -23.06 1.40 189 0.338 0.018 8.73 10.34
11 NGC 3945 23.2 1281 -24.31 1.45 159 0.435 0.023 8.85 11.02
12 NGC 3998 13.7 1048 -23.33 1.30 67 0.458 0.013 8.45 10.94
13 NGC 4036 24.6 1385 -24.40 1.46 272 0.507 0.019 8.41 11.16
14 NGC 4203 14.7 1087 -23.44 1.47 206 0.153 0.012 9.15 10.60
15 NGC 4278 15.6 620 -23.80 1.50 50 0.230 0.023 8.80 11.08
16 NGC 5173 38.4 2424 -22.88 1.01 261 0.214 0.024 9.33 10.42
17 NGC 5582 27.7 1430 -23.28 1.44 30 0.403 0.011 9.65 10.86
18 NGC 5631 27.0 1944 -23.70 1.32 34 0.198 0.017 8.89 10.89
19 NGC 6798 37.5 2360 -23.52 1.23 324 0.383 0.114 9.38 10.69
20 UGC 06176 40.1 2677 -22.66 1.03 210 0.598 0.015 9.02 10.44
21 UGC 09519 27.6 1631 -21.98 0.87 198 0.402 0.018 9.27 10.06
Note.− Column (1): The name is the principal designation from LEDA (Paturel et al.,
2003). Column (2): distance in Mpc Cappellari et al. (2011a). Column (3): heliocentric
velocity Cappellari et al. (2011a). Column (4): total galaxy absolute magnitude derived from
the apparent magnitude in K band Cappellari et al. (2011a). Column (5): projected half-
light effective radius Cappellari et al. (2011a). Column (6): position angle of the galaxy
calculated from the H I image Serra et al. (2014). Column (7): ellipticity of the galaxy
calculated from the H I image Serra et al. (2014). Column (8): estimates of Galactic dust
extinction Schlafly & Finkbeiner (2011). Column (9): total H I mass calculated assuming
galaxy distances given in column (2) Serra et al. (2012). Column (10): stellar mass calculated
by using a mass-to-light ratio and a total luminosity in the r-band (Cappellari et al., 2013b).
Table 4.1 – General properties of the H I-rich sample.
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4262 because we wish to limit the analysis to a field sample. We also remove
NGC 5103 due to a lack of deep optical data (Sec. 3) and UGC 03960, because
the halo of a nearby star corrupts the optical image quality. With the above
changes we obtain a sample of 21 H I-rich ETGs, which we list in Table 4.1.
The H I-poor control galaxies are selected with properties as close as possible
to the ones of the H I-rich objects:
i) stellar mass M⋆ (Cappellari et al., 2013b) within +/- 0.8 dex (but typically
within +/- 0.5 dex);
ii) environment density Σ3 (Cappellari et al., 2011b)
2 within +/- 0.8 dex (but
typically within +/- 0.5 dex);
iii) Virgo cluster (non-) membership (Cappellari et al., 2011a);
iv) kinematical classification (fast- or slow rotator; Emsellem et al., 2011);
v) distance (Cappellari et al., 2011a) within +/- 15 Mpc;
Compared to Yıldız et al. (2015), we exclude the H I-poor galaxies associated
to the three H I-rich aforementioned galaxies. Furthermore, we remove: seven
H I-poor galaxies due to a lack of deep optical imaging; two because of a lack of
a deep r-band image; and one because of a nearby bright star. We also remove
NGC 5379 from the control sample because this galaxy actually contains some
(very faint) H I originally not detected by S12. Finally, we add the H I-poor
galaxy NGC 5473. With these changes we are left with a control sample of 41
H I-poor ETGs.
The resulting control galaxies are listed in Table 4.2. The histograms in Fig.
4.1 compare H I-rich and control samples. Apart for the quantities used for the
selection of the control sample, which are by construction distributed similarly
in the two samples, we note that also the distributions of effective radii Reff are
consistent with one another.
4.3 Data reduction and analysis
This work is based on a combination of radio and optical data. We use radio
data from the Westerbork Synthesis Radio Telescope to characterise the H I
content of galaxies in the sample. In particular, we make use of the H I images
and M(H I) measurements (or upper limits) published by S12 for all galaxies in
our sample. That work makes use of the data published previously by Morganti
et al. (2006), Jo´zsa et al. (2009), and Oosterloo et al. (2010) for some galaxies
in our sample. In the remaining part of this section we describe our analysis of
the optical data.
2Mean surface density of galaxies inside a cylinder of height h = 600 km s−1 (i.e.
∆Vhel < 300 km s
−1) centred on the galaxy which contains the 3 nearest neighbours.
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H I-rich Control 1 Control 2 Control 3 Control 4
NGC 2594 NGC 5611 - - -
NGC 2685 NGC 2549 NGC 2852 NGC 5273 NGC 3098
NGC 2764 NGC 4078 NGC 2592 NGC 0770 -
NGC 2859 NGC 3230 NGC 3458 - -
NGC 3414 NGC 5322 - - -
NGC 3522 NGC 3796 PGC 050395 - -
NGC 3619 NGC 5308 NGC 3658 NGC 5342 -
NGC 3626 NGC 3377 NGC 5500 NGC 5473 -
NGC 3838 NGC 2950 NGC 4283 - -
NGC 3941 NGC 3605 NGC 3301 NGC 3248 -
NGC 3945 NGC 3674 NGC 3648 - -
NGC 3998 NGC 3610 - - -
NGC 4036 NGC 3613 NGC 6548 NGC 3665 UGC 08876
NGC 4203 NGC 3245 NGC 3757 - -
NGC 4278 NGC 5485 - - -
NGC 5173 NGC 3400 - - -
NGC 5582 NGC 2577 NGC 2679 - -
NGC 5631 NGC 0661 - - -
NGC 6798 NGC 6547 - - -
UGC 06176 UGC 04551 - - -
UGC 09519 NGC 7457 - - -
Table 4.2 – Control sample galaxies for each H I-rich galaxy.
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Figure 4.2 – Left: Full size deep g′-band image of UGC 09519. Right: 1000 × 1000 arcsec2
area of the galaxy, which is used for the further analysis.
4.3.1 MEGACAM data reduction
We make use of deep optical images obtained in g′ and r′ bands using the
MegaCam camera on the Canada-France-Hawaii Telescope. The observations
are obtained as part of the MATLAS/ATLAS3D programme. Duc et al. (2015)
describe all the details of these deep observations and of the data reduction,
which makes use of the LSB-Elixir pipeline. Here, we remind the reader that
the typical surface brightness sensitivity of these images is 28.5 mag arcsec−2
in the g′ and r′ bands. For this work we apply a few additional reduction steps
such as background subtraction and PSF matching in two bands.
Since the field of view of our deep-optical images is very large, we have used a
1000 × 1000 arcsec2 area centered on each galaxy in the sample. As an example,
Fig. 4.2 illustrates the case of the H I-rich galaxy UGC 09519. We then mask
the pixels above a 1σ level in the images by using the SExtractor (Bertin &
Arnouts, 1996). This first masking is done to calculate the background of the
images. For this purpose we select 20 regions in all images, each 50× 50 pixels
in size (Fig. 4.3). Care was taken to avoid the halos associated with bright
stars in the observed fields. We then calculate the mean, median and standard
deviation values in these 20 regions by using the IRAF − imexamine program.
The background values are determined as the mean of the 20 median values.
We have determined the error bars in these regions by measuring the standard
deviation of the median values. This process is repeated for all g′ and r′ band
images.
Since we are interested in analysing the g′ − r′ colour images, we must
first ensure that the images of the two bands have the same resolution. For this
purpose, we measure the seeing FWHM in the two bands by using 5 unsaturated
stars located in relatively empty regions of the sky. We use IRAF −imexamine
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Figure 4.3 – Original (left) and masked (right )deep g′-band images of UGC 09519. Green
sqaures indicate the selected regions for background calculation. In this figure, we used
opposite colour of Fig. 4.2 to show masked regions as black.
to measure the FWHM in a 7x7 pixel area centred on the selected stars. We
then correct for the difference in seeing by smoothing the data of the band with
the highest resolution to that of the lower resolution band.
Since our focus here is on the high resolution structure of the g′ − r′ images
in the inner regions of galaxies, and not on extended, diffuse emission at large
radii, we do not worry about the extended wings of the CFHT/MegaCam PSF.
Karabal et al. 2016 (submitted) study of the PSF effect in deep MegaCam
images of galaxies in the ATLAS3D sample, in detail.
After removing the background and matching the PSF in the two bands, we
convert the flux value to magnitude for each band, and then, obtain the colour
images. We use the following equation.
mg′ = −2.5 × log10(Fg) + 30
mr′ = −2.5 × log10(Fr) + 30
Since the zero points of the observed bands are the same, we simply divide
the fluxes of the two band to get the colour.
g′ − r′ [mag] = −2.5 × log10(Fg / Fr )
4.3.2 Modelling dust-free colours and measuring the ex-
tinction
In this work we use the MegaCam g′ − r′ deep colour images to study the
distribution of the dust in H I-rich and H I-poor ETGs. To go from a colour
image to a dust image we must first remove the intrinsic, dust-free colour of
each galaxy’s stellar population. We do this by means of colour radial profiles.















UGC09519 - Galactocentric distance (kpc)
Figure 4.4 – Radial g− r colour profile, and the two models obtained in our dust-free colour
calculation process. The red profile with squares and error bars shows the median value of
the original annuli. The solid green line shows the model which cannot go redder colours after
the half effective radius. This model is obtained by taking the second minimum of the four
quadrant median values. The solid blue profile shows the final model which is flatten before
0.5 Reff , and after 3 eff .
The signal-to-noise ratio of the colour images decreases with increasing
radius. Therefore, we derive the radial profiles along annuli with a fixed shape
(ellipticity and position angle) but logarithmically increasing width from inside
out. The ellipticity and position angle of the annuli are fixed to the values
published by Krajnovic´ et al. (2011).
Before deriving the dust-free colour profiles, we masked the dusty regions in
the images as much as possible. Here, we have used a procedure that contains a
combination of automatic and manual masking. This procedure is explained in
detail in Appendix 4.A. In summary, we i) take the clipped minimum in annuli
with fixed ellipticity as a first guess of a dust-free colour; ii) we repeat this
for all the annuli and create a model; iii) we apply a median filter to remove
sharp edges between annuli; iv) we require that the dust-free colour goes down
or remains constant when going outward; v) finally we force the model to be a
smooth function of radius since this is expected for ETGs.
These dust-free colour models are shown in Fig. 4.4 overlaid on the observed
colour profiles. We would like to stress that we study the gas content of galaxies
in our sample only out to 3 Reff . At larger radii the surface brightness is too
low for a meaningful colour and dust analysis.
Finally, the best model representing the dust-free colour is subtracted from
the original g′ − r′ colour image to obtain an extinction image.
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The amount of extinction calculated in this way is uncertain in various ways:
it is based on the assumption that a dust-free colour can be obtained from the
image, and that the radial gradients in the stellar populations are small. Also,
we assume that there are no young stellar populations present. This is not
the case for some objects such as NGC 2685: for this object the amount of
calculated extinction is a lower limit. In the next section we explain how we use
these images to estimate the amount of H I from the extinction casued by the
dust.
4.3.3 Comparison between dust extinction and H I column
density
Our sample selection is based on H I detectability, and since we have measured
the extinction in our sample galaxies, we can apply a simple test to check
whether our extinction measurements make sense. Bohlin, Savage & Drake
(1978) present the following relation between the H I column density and the
colour excess E(B − V ):
N(H I) = 4.8× 1021 cm−2 × E(B − V ) mag−1 (4.1)
This relation is derived for the Milky Way and, therefore, is likely to provide
an upper limit on the neutral hydrogen column density. Since we can get the
E(g′−r′) values from the extinction maps and convert them to E(B−V ) values,
we can estimate the amount of hydrogen expected to reside in the regions where
we measure extinction. In this study, we adopt R = Av/E(B − V ) = 3.1, a
value appropriate for an average interstellar dust grain size.
One should always consider that the value of the constant in Eq. 4.1 can
change for different R values, as Bohlin, Savage & Drake (1978) claim that larger
grain sizes can significantly increase the constant given in Eq. 4.1. For example,
they measure this value to be 3.2 times larger (i.e., 15.4× 1021cm−2) for a dark
cloud star, ρ Oph A. This is much larger than the expected error reported as
six percent.
We calculate E(g′ − r′) by assuming ASDSS−g=3.793 × E(B-V) and
ASDSS−r=2.751 × E(B-V) (Stoughton et al., 2002). Therefore Eq. 4.1 becomes:
ΣN(H I)
ΣE(g′ − r′)
= 4.6× 1021cm−2mag−1 (4.2)
By using the conversion from column density to surface density for H I (1 M⊙
pc−2 = 8× 1019cm−2) we obtain,
MHI = 36.8× 〈E(g
′ − r′)〉 ×A M⊙ pc
−2mag−1 (4.3)
whereMHI is the H I mass in M⊙ measured in the area A in pc
2. < E(g′−r′) >
is the average colour excess in mag in this area. The average of the extinction
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is obtained by using the equation below:
< E(g′ − r′) > = −2.5× log10(
Σ(Ir ×R
2 × q × 2.5−E(g
′
−r′))
Σ(Ir ×R2 × q)
) (4.4)
Ir is the relative surface brightness (in intensity units) in the r
′-band. R is
the radius of the annulus, and q is the flattening value of the annulus which is
accepted as constant throughout the galaxy.
In addition to the estimation of the H I mass in each annulus, we also
estimate the H I mass in three regions: 0-1, 0-2, and 0-3 Reff .
4.4 Results
4.4.1 Dust morphological classes
The first step of our analysis is a visual inspection of the MegaCam g′ − r′
colour images to establish which H I-rich and H I-poor galaxies harbour some
dust. Almost all galaxies in our sample show redder colours in the inner regions.
However, if the colour or the morphology (clumpiness, ellipticity) of these red
regions are the same as those of the surrounding region, we label the galaxy
as a no-dust object (N). In all other cases we label the galaxy as dusty, and
classify it according to one of the following morphological classes: dusty discs
(D); irregular dust structure (IR); dusty ring (R); spiral shape (S). Example
galaxies for these morphological types are shown in Fig. 4.5. Below we elaborate
on the characteristics of these classes.
When the position angle of these red regions is aligned with the stellar disc,
it is hard to separate the dust from the old stellar populations. Either a large
amount of dust or old and red stellar populations might cause the redder colours
in these systems. Thus, for these kind of cases, we calculate a theoretical g′− r′
colour with the following equation given by Bernardi et al. (2005):
g′ − r′ =
{
0.7 + 0.25(T − 9.5) + 0.375 Z if T > 9.5
0.7 + 0.50(T − 9.5) + 0.375 Z if T < 9.5
(4.5)
where T = log10(age Gyr
−1) and Z is the metallicity. This equation estimates
a g′ − r′ colour for stellar populations older than 1 Gyr in a galaxy by using
single-burst models of Bruzual & Charlot (2003). We take the stellar ages and
metallicity values from McDermid et al. (2015b)3. If the observed g′− r′ colour
of a galaxy is redder than the theoretical one, we classify this galaxy as a D
object, i.e., galaxy with a dusty disc. For example, as seen in Fig. 4.5 and 4.24,
there is a red region in NGC 2594 aligned with the position angle of the galaxy.
3Here, we use the single-burst-stellar-population equivalent (SSP-equivalent) ages. One
should be careful since these SSP-equivalent ages are strongly biased towards the young ages
(Serra & Trager, 2007)
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Figure 4.5 – Five example galaxies for the dust classes. Each value on the colour-bar
respectively indicates median − 5σ, median − 4σ, median − 3σ, median − 2σ, median − σ,
median, median+ σ, median+2σ, median+3σ. The median and standard deviation values
of g′ − r′ colour are calculated in the region of 0-1 Reff which is shown with the black ellipse.
The white scale bar at the bottom corner indicates 1 kpc. On the top-right we show an
illustration of the position angles of the various galaxy components: black − optical-disc from
Krajnovic´ et al. (2011); purple − H I-disc from Serra et al. (2014); red − CO-disc from Alatalo
et al. (2013). The rest of the g′ − r′ colour images of the classes are shown in Appendix 4.C.
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The observed colour is between 0.75 - 0.80, and the theoretical g′ − r′ colour
is 0.72 within one Reff . Therefore, we classify NGC 2594 as a D galaxy. Note
that we are using this test for galaxies which shows red regions alinged to the
stellar disc.
Many of the galaxies in our sample show a ring-like structure in the very
central regions. However, since a number of galaxies are saturated in the center,
we do not take in to account these very inner regions. Therefore, only if a galaxy
exhibits a relatively large dusty ring we label it as an R object (see the third
column of Fig. 4.5).
Several galaxies in our sample exhibit dust distributed in a spiral pattern.
In these cases, we label them as S galaxies. These spiral shape arms could be
confined to a relatively inner region but in several cases they reach a large radius
(see the fourth column of Fig. 4.5).
Some of the galaxies show very complex dust structures. Therefore, we
label them as irregular dusty galaxies. It is important to note that the IR
morphological class (see the fifth column of Fig. 4.5) is the most numerous one
among those defined above.
We list our classification together with those of Krajnovic´ et al. (2011) for
all the sample galaxies in Table 4.5. We will try to quantify the amount of
extinction in the next sections.
4.4.2 Dust detection rate
We detect dust in a total of 44 galaxies – 71 percent of our sample of 62 ETGs.
This detection rate is much higher than the 19 percent reported by Krajnovic´
et al. (2011) for the full ATLAS3D sample based on SDSS images (the same
rate holds for the 62 galaxies in common with our study alone). Therefore, the
dust detection rate increases by a factor of ∼4 when going from a SDSS-like
depth/resolution to that of our MegaCam images.
Images obtained with the Hubble Space Telescope and, therefore, more
sensitive than the SDSS ones in the center result in ETG dust detection rates
of ∼50 percent, closer to those reported here. For example, 47 percent for the
sample of 177 ETGs of Lauer et al. (2005) contain detectable dust.
Dust detection rate and morphology
Of the 44 dusty ETGs, and with reference to the morphological classes defined
in Sec. 4.4.1, 12 are of S type, 14 IR, 6 R and 12 D. These are listed in the
second column of Table 4.3.
The latter objects are typically not labelled as dusty in previous work based
on HST data, but this is largely a matter of definition. We label a galaxy
as “dusty” if the position angle of the red region is different from that of the
surrounding region or if the colour is redder than the theoretical colour in case of
having a similar position-angle (see Sec. 4.4.1). Previous work had the stricter
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Dust all H I-R H I-P CO-R CO-P
All 62 21 41 14 48
SS 12 12 0 8 4
IR 14 7 7 4 10
R 6 0 6 1 5
D 12 2 10 1 11
N 18 0 18 0 18
Table 4.3 – Number of galaxies in the various dust classes as a function of H I, CO detection,
and central activity. See Sec. 4.4.4.
requirement of position-angle misalignment only. Ignoring the 12 D objects
in our sample, our dust detection rate becomes fully consistent with that of
previous HST studies (32/62 = 52 percent). Concerning the remaining dusty
galaxies, 10/12 S, 6/14 IR and 2/6 R were already known to host dust.
4.4.3 Extended dust structures
Another important result of our study is the size of the dust features in ETGs.
Our results show, for the first time, very detailed distributions of the dust in
ETGs up to a large radius. Therefore, our study complements the previous
investigations of the very inner regions of ETGs, such as those carried out using
HST data. For example, while the circumnuclear dust structure in NGC 4203
as seen by the HST extends up to just 0.23 kpc (Simo˜es Lopes et al., 2007),
our study shows that the spiral dust structures extend up to 2 kpc (see also
Yıldız et al., 2015). In Table 4.5, we list the dust radii estimated visually based
on our MegaCam images and, for comparison, those available in the literature.
Fig. 4.6, as an example, shows the g′ − r′ and E(g′ − r′) images of UGC 9519
together with an ellipse indicating the dust radius. One should consider that
while we are using deep optical g′ − r′ colours to define the dust structures in
ETGs, Simo˜es Lopes et al. (2007) use an unshap-masking method with only one
HST band image.
The average dust radius across the sample is ∼ 2.8 kpc (1.3 Reff). There
are some nearly edge-on galaxies in our sample, and since the sensitivity to
dust absorption increases with increasing inclination, it is easier to detect dust
in these galaxies. However, if we do not take into account the nearly edge-on
systems (e.g., q<0.25, or inclination & 80 degree), the average value becomes ∼
2.6 kpc, which is not very different.
4.4.4 Relation between dust and cold gas
The main goal of this work is to understand the relation between the dust
and H I properties of ETGs. In this respect, we find a very clear result: all
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Figure 4.6 – Left: True colour image of the galaxy together with H I column density contours,
shown with magenta lines. The size of the true colour image is 300×300 arcsec2. Top-middle:
g′−r′ image covering the 100×100 arcsec2 area indicated in the left panel with a red box. Top-
right: E(g′−r′) extinction map (100×100 arcsec2). Bottom-middle: g′−r′ image covering the
35×35 arcsec2 area indicated in the top-middle panel with a blue box. Since CO is generally
detected in the inner regions, we show the CO intensity contours with black lines in this panel.
The white ellipse indicates the dust radius determined by a visual inspection (see Table 4.5).
Bottom-right: E(g′ − r′) extinction map (35×35 arcsec2). The contour levels are indicated in
the relevant panels. See Appendix 4.D for the rest of the sample.
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Figure 4.7 – Histogram showing the number of dusty and dust-free galaxies as a function of
H I and CO content.
H I-rich ETGs in our sample host dust (mostly undetected in previous work)
while the dust detection rate of H I-poor galaxies is ”just” 56 percent (see Fig.
4.7). The presence of H I (usually at large radius) dramatically increases the
dust detection rate of ETGs in the inner 3 Reff . This difference is even more
dramatic if we exclude the dusty discs (D objects): the detection rate of H I-rich
and H I-poor galaxies change to 90 and 32 percent, respectively (more on the
relation between dust morphology and H I content below).
We show the number of galaxies in each class based on their cold gas content
in Table 4.3, and based on this table, we present a histogram in Fig. 4.8. As
can be seen from the Table 4.3, all the S-type ETGs contain large H I-discs.
We conclude that the presence of H I out to large radius always implies
the presence of dust in the stellar body – while the opposite is not true. This
statement is also true for the CO-rich ETGs, but note that these are not the
same objects as our H I-rich ones. In general, more nearby ETGs have been
detected in H I than in CO (especially outside the Virgo cluster). ETGs hosting
a small H I disc, which we do not study in this work, also fit in this picture:
nearly all host CO and dust too (S12).
Another important result of this study is that spiral-shaped dust distribu-
tions are detected in only H I-rich galaxies (8/12 are also CO-rich; see Table 4.3).
Moreover, 90 percent of the dusty H I-rich galaxies (19 of 21) show complex dust
structures (irregular or spiral-shape). We summarize the frequency of the dust
detection as a function of cold gas content in Table 4.4. As can be seen in the
table, the rate of somewhat irregular dust distributions is 3 times more frequenct
in H I-rich than in H I-poor galaxies.
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Figure 4.8 – Number of galaxies containing dust according to their dust-type and cold gas
content. Each histogram shows a column of Table 4.3. The colour code is based on dust
morphology defined in this paper. The quantities and percentage of the groups are written
on the related histograms.
Dust Morph. H I-R H I-P CO-R CO-P CG-rich. CG.-poor
Irregular (S or IR) 90% 30% 86% 47% 84% 26%
Regular (R or D) 10% 70% 14% 53% 16% 74%
Table 4.4 – The frequecny of the dust detection as a function of cold gas, respectively H I,
CO and cold gas (CG).
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Figure 4.9 – Percentage of galaxies containing small (i.e, Rdust ≤ 1 kpc and 1 Reff) and large
(i.e, Rdust > 1 kpc and 1 Reff) dust structures in H I-rich (blue bars) and H I-poor (red bars)
ETGs. The first bar shows galaxies with no clear dust structure. The number of galaxies are
written on the histograms.
We discussed the dust radius for the entire sample in Sec. 4.4.3, and here we
discuss the dust radius as a fuction of cold gas content. As can be seen in Table
4.5, in all the S-type galaxies, which are also H I-rich, show that dust extends
further than 3.5 kpc. We find the average dust radius for the H I-rich and -poor
ETGs as ∼ 3.7 kpc and ∼ 2.2 kpc, respectively. As discussed in Sec. 4.4.3,
if we do not take into account the nearly edge-on systems, the average value
for H I-poor ETGs becomes ∼ 1.6 kpc, while the average value does not change
for the H I-rich ETGs. Therefore, we can conclude that H I-rich galaxies show
almost 2 times larger dust structure than those of H I-poor galaxies. We present
a histogram in Fig. 4.9 showing the number of galaxies with and without H I for
the large and small dust structures. As can be seen in the histogram, large dust
structures tend to be in H I-rich galaxies while the small size dust structures are
found in the H I-poor ETGs.
4.4.5 Colour and extinction radial profiles
We calculate the average extinction in each annulus by using Eq. 4.4, and
propagate the errors on the colour profiles. As explained in Sec. 4.3.3, we can
estimate the total H I mass in an area where the extinction is measured. Note
that this is to control whether our extinction measurements are correct. We also





































Figure 4.10 – Blue line is the extinction profile of UGC 09519. The extinction values are
given on the right axis, and the corresponding average H I mass density values are given on
the left axis. We also show the observed H I mass density profile with the green solid line,
and the observed CO mass density profile with the yellow solid line.
profiles. This way, we can learn whether the morphology of the extinction and
cold gas are related or not. Fig. 4.10 shows an example radial profile comparison
(i.e., observed and estimated) for UGC 09519. All the profiles of the sample
galaxies are provided in Appendix 4.D.
Having obtained the extintion maps, we also estimate the H I mass in three
apertures: 0-1 Reff ; 0-2 Reff ; 0-3 Reff . We plot the estimated and observed
values in these apertures in Fig. 4.11.
As can be seen from the figure, most of the galaxies are following the one-
to-one relation, especially for the estimation within 2 Reff . We would like to
note that six H I-rich galaxies (NGC 2859, NGC 3941, NGC 3945, NGC 4036,
NGC 4278, and NGC 5582) in our sample have very large H I ring or disc
structures, while they have no H I in their very central regions. Therefore, we
show these galaxies in the left panel of Fig. 4.11 with red triangles. While these
galaxies show very red colours in the inner regions due to dust, they show blue
colours in the outer regions where the highest H I coloumn density rings are
located (Yıldız et al., 2017). When it comes to the middle panel, we do not see
NGC 5582 since this galaxy has no H I up to 2 Reff . Therefore, we conclude
that presence of a large H I disc or ring in an ETG indicates a dust structure
in the center, even if there is no H I in central regions.
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Figure 4.11 – Derived H I mass vs observed H I mass in specific regions (see text). The
dotted line shows the one-to-one relation in each panel. From left to right, we show the
calculated and estimated H I mass within 1, 2 and 3 Reff .
4.5 Discussion
4.5.1 Comparison of dust with other parameters
We discussed our findings about the dust radius in the previous section, and we
concluded that if there is cold gas in a galaxy (H I or CO), the dust structures
extend on average to two times larger radii than in a gas-poor galaxy. The
average stellar ages of these galaxies are also slightly different than each other.
McDermid et al. (2015b) present the SSP-equivalent ages within a circular
aperture of radius 1 Reff using the SSP models of Schiavon (2007). We calculate
the average stellar ages from these values for the gas-rich dusty ETGs: 7.9±3.8
Gyr; gas-poor dusty ETGs: 9.5±3.8 Gyr; and dust-free ETGs: 10.9±3.7 Gyr,
respectively (1 sigma rms scatter). The comparison of the dust and the stellar
ages is given in Fig. 4.12 as a function of dust type. There is undoubtedly a large
scatter, but S and IR galaxies tend to be younger than the rest of the sample.
Therefore, we conclude that the gas-rich galaxies are somewhat younger and
contain less regular dust systems which extend to larger radius than in gas-poor
objects.
Nyland et al. (2016) investigate the central activity in the ATLAS3D galaxies
and divide the central regions into 6 groups: LINER (L); LINER-AGN (L-
AGN); transition (T); H II regions (H); seyfert (S); and passive (P). From this
information, we give the central activity of our galaxies in Table 4.5. According
to this table, 77 percent of the dusty ETGs in our sample have a radio active
centre. More importantly, all the remaining passive dusty ETGs (23 percent)
are H I-poor. Our results are consistent with the studies in the literature. For
example, Martini, Dicken & Storchi-Bergmann (2013) find that approximately
75 percent of the ETGs with an active central regions show dust structures, and
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Figure 4.12 – Average extinction vs SSP equivalent ages within 1 Reff . Each dust-type is
shown with a symbol that indicated in the legend. The age values are taken from McDermid
et al. (2015b).
here we can link that dust-activity connection to the presence of cold gas on a
larger scale.
Only 13 percent (3 out of 23) of the dusty ETGs with a active center are cold
gas-poor. This shows that there is a relation between cold gas, dust and central
acitivity. Statistically, if 87 percent of the cold gas-rich ETGs have a radio
active center, it means that we expect to see cold gas in dusty and active ETGs.
However, this relation is rather complicated since we can use this activity to
explain not only the presence but also the absence of the cold gas.
One of our selection criteria for the control sample galaxies is environment:
a control galaxy should be in similar environment of its H I-rich galaxy pair. We
compare the environmental density of our sample galaxies with the dust radius
in a scatter plot in Fig. 4.13 However, we cannot find a clear relation between
the environmental density of the galaxies and dust size, maybe also because all
our galaxies are situated in the field.
Davis et al. (2011) claim that the misalignment between the position angles
of the ionized gas and stars are indicative of the origin of the gas. They report
misalignment values for 30 (12 gas-poor, 18 gas-rich) of our sample galaxies.
We observe the misalignment is higher than 45 degree for 44 and 42 percent of
the gas-rich and -poor galaxies, respectively. We show the misalignment values
versus dust radius of these 30 galaxies in Fig. 4.14. These authors discuss that
if there is a large misalignment between ionized gas and stars, the origin of the
gas is external.
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Figure 4.13 – Environmental density versus dust radius of the sample galaxies. The dust
radius is zero for the dust-free galaxies (red triangles). Blue and red symbols indicate H I-
rich and H I-poor galaxies. The symbol shapes represent the dust class ofr both H I-rich and
-poor galaxies. Three different environmental values are used Σ10 (left); ρ10 (middle); I10
(right). All of the environmental parameters are calculated from 10th neighbour method (see
Cappellari et al. (2011b) for details).
Figure 4.14 – Misalignment values vs extinction for the H I-rich (blue symbols) and H I-poor
(red symbols) galaxies. The symbol shapes indicate different dust classes used in this work,
and given in the legend. The misalignment values are taken from Davis et al. (2011).
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The origin of the dust in ETGs has been long discussed in literature. These
discussions follow two main lines: internal dust production and external dust
accretion. There are also studies, such as Martini, Dicken & Storchi-Bergmann
(2013), which favor a mixted origin instead of a single one. How is the presence
of cold gas in ETG linked to the origin of the dust?
Although we need more data (e.g., infrared) to discuss the origin of dust in
a more accurate way, the spiral shapes, irregular and clumpy dust distributions
in conjunction with younger ages in H I-rich ETGs indicate that the dust was
likely accreted through a gas-rich minor merger. This is consistent with the fact
that in several of these galaxies the H I is kinematically misaligned with the
stars (Serra et al., 2014). Our results are also consistent with previous studies
such as Davis et al. (2015) who find the origin of the cold gas is most likely due
to the minor mergers in their sample ETGs.
As mentioned in the Introduction, Martini, Dicken & Storchi-Bergmann
(2013) discuss a hybrid model that is including both external accretion and
internal dust production. For this hybrid model, they require low metallicity
gas and there should be more mergers for dusty ETGs than dust-free galaxies,
thus the external cold gas accretion can maintain the dust structure in the
ETGs. The depletion time of the H I gas in our ETGs is between 10 to 100 Gyr
from inner regions to outer regions (see Yıldız et al., 2017), therefore, there is
enough gas to accrete and maintain the dust structures in our sample ETGs.
4.6 Conclusions and future prospects
We have used deep optical images to find dust structures in the nearby ETGs.
We compare H I-rich and -poor ETGs to understand whether H I is related
to the dust presence in these type galaxies. With the good resolution of the
MegaCam images, we can classify the dust structures in these dusty ETGs.
1- We find that all of the H I-rich galaxies show dusty structures, while 56
percent of the H I-poor galaxies show dust.
2- 76 percent of the H I-rich galaxies contain dust in shape of spiral arms.
3- While only 2/21 H I-rich galaxies show regular dusty disc structure, 10/41
H I-poor galaxies show regular dusty disc structures.
4- The large dust structures tend to be in H I-rich galaxies while the small
size dust structures are found generally in the H I-poor ETGs.
5- The H I masses that we estimate from the dust in the three apertures are
consistent with the observed values.
6- Some of the H I-rich galaxies show H I only in the outer regions, and all of
them show a dust structure in the relatively inner regions. Therefore, a detected
H I in the outer regions indicates dust in the inner regions.
7- The gas-rich galaxies are somewhat younger and contain less regular dust
systems which extend to larger radius than in gas-poor objects.
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Yıldız et al. (2017) shows that the average gas deplation time in the outer
regions of ETGs is ∼100 Gyr, it means that this large reservoir of H I can
continuously supply the necessary cold/warm gas into the galaxy to keep the
dust structures from being destroyed. From these points we conclude that there
is a clear relation between the dust and H I presence in ETGs.
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Appendix 4.A Model calculation
In this appendix, we give the details of the complicated procedure to calculate
the dust-free colour from the g − r images. In order to mask all the images, we
need to find threshold values automatically. To do so, we apply the following:
1- We take a 100×100 pixel2 central area from the g− r images. 2- The pixels
above mean+4σ and below mean− 4σ are clipped in the selected central area.
These pixels are not removed, only aim here is to find a threshold value.
3- Median and standard deviation (σ) values are calculated in the clipped area.
From this point, we calculate a threshold value for the automatic masking
procedure: the pixels above and below median ± 3σ are masked in the entire
image. Having inspected the images, additional regions are manually masked if
it is necessary. This masking procedure removes most of the dusty regions in the
inner regions and also the noisy pixels in the outer regions. Having applied the
masking procedure, we derive the profiles (as explained in Sec. 4.3.2). There is
a possibility that a small part of the galaxy might contain a star-forming region.
In this case, the dust-free color will be bluer than it should be, and the extinction
will be overestimated. Therefore, we do not directly average the pixels in an
annulus, instead we use four quadrants and a second masking process:
a- We divide each annulus into four quadrants, and mask the pixels above
median + 1.5σ and below median − 3σ in each quadrant. Here we calculate
the standard deviation by using median absolute deviation method. Using this
asymmetric masking removes remaning red pixels in the annulus and keeps the
blue pixels. This masking process is shown in Fig. 4.15.
b- We calculate the median value from the remaining pixels in each quadrant for
each annulus. This results 4 median values representing the dust-free colours in
the quadrants.
c- To get a better dust-free colour value, we use the second minimum of these 4
median values as the dust-free colour.
d- Having derived the profiles, we apply a 7-pixel size median filter to remove
sharp changes between the annuli.
This two step process given above creates the first model for the dust free
colour. We manipulate this first model as following:
(i)Inside the half effective radius, we use the colour at half Reff . If an effective
radius is larger than 15 arcsec, we use the colour at 7.5′′.
(ii) After the half Reff , we do not allow the model to go a redder colour.
Therefore, the model either can go bluer colours or stay the same when going
outwards.
(ii) To get a smooth model, we choose some points in this model and interpolate
it.
(iii) We accept the model does not change after 3 Reff . Moreover, we take
the same colour for the first half Reff region, and we obtain our final model to
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Figure 4.15 – An example masking procedure for UGC 09519: The first image (a) shows the
original g − r image; the second one (b) shows the masked image explained in the article a
of Appendix 4.A; the third image (c) shows a symbolic annulus and four quadrants used to
calculate the dust-free colours.
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Figure 4.16 – Radial profiles for the g − r images, and the two models obtained in our
dust-free colour calculation process. The red profile with squares and error bars shows the
median value of the original annuli. The yellow dashed profile shows the mean value of the
masked annuli. The solid cyan profile shows the first model obtained by taking the minimum
of the four quandrants in one annulus. The shaded green line shows the second model which
cannot go redder colours with increasing radius. The solid blue profile shows the final model
which is flatten before 0.5 Reff , and after 3eff . The gray diamonds indicates the points used
for interpolation to get the last model.
represent dust-free colour.
(iv) We calculate the errors in colour (based on the errors in g′ and r′ bands,
see Sec. 4.3.1 for details), and if the error is higher than 0.2 mag in one annulus,
we stop model in that annulus. We stop the models at 3 Reff whether the error
criteria holds or not. Therefore, we also stop the radial profiles at this radius.
We show the original and masked g− r median profiles together with the three
model radial profiles in Fig. 4.16. In Fig. 4.16, the models are always below
the g − r colour profile because of the masking procedure explained above (see
also Fig. 4.15).













































Gal Dist. Reff q HI-Type CO-Type Kin. Nuc. Act. Dust morphology Dust R. Dust R. Dust R.
[Mpc] [arcsec] - S12 Y11 E11 N16 T01 SL07 K11 MKY [arcsec] [Reff ] [Kpc]
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)
NGC0661 30.6 13.18 0.69 Poor Poor SR L - - N N 0 0.0 0.0
NGC0770 36.7 8.71 0.71 Poor Poor FR P - - N D 5 0.6 0.9
NGC2549 12.3 19.05 0.31 Poor Poor FR L N - N N 0 0.0 0.0
NGC2577 30.8 14.13 0.59 Poor Poor FR - - - N IR 14 1.0 2.1
NGC2592 25 12.30 0.79 Poor Poor FR - D - N N 0 0.0 0.0
NGC2594 35.1 6.61 0.68 Rich Poor FR - - - N D 10 1.5 1.7
NGC2679 31.1 22.39 0.93 Poor Poor FR - - - N N 0 0.0 0.0
NGC2685 16.7 25.70 0.6 Rich Rich FR L-AGN - - F SS 100 3.9 8.1
NGC2764 39.6 12.30 0.51 Rich Rich FR H - - FB SS 35 2.8 6.7
NGC2852 28.5 7.08 0.86 Poor Poor FR L-AGN - - N R 12 1.7 1.7
NGC2859 27 26.92 0.85 Rich Poor FR L - - N SS 22 0.8 2.9
NGC2950 14.5 15.49 0.59 Poor Poor FR P N N N N 0 0.0 0.0
NGC3098 23 13.18 0.23 Poor Poor FR - - - N D+ 50 3.8 5.6
NGC3230 40.8 18.20 0.39 Poor Poor FR - - - N N 0 0.0 0.0
NGC3245 20.3 25.12 0.54 Poor Rich FR T - - N IR 15 0.6 1.5
NGC3248 24.6 15.85 0.6 Poor Poor FR - - - N D 5 0.3 0.6
NGC3301 22.8 19.95 0.31 Poor Poor FR T - - N IR 11 0.6 1.2
NGC3377 10.9 35.48 0.67 Poor Poor FR P F1 l,0.26 N IR 19 0.5 1.0
NGC3400 24.7 16.98 0.56 Poor Poor FR - - - N N 0 0.0 0.0
NGC3414 24.5 23.99 0.78 Rich Poor SR L-AGN F1 S,0.15 N SS 30 1.3 3.6
NGC3458 30.9 11.48 0.71 Poor Poor FR - - - N N 0 0.0 0.0
NGC3522 25.5 10.23 0.52 Rich Poor SR - - - N IR 8 0.8 1.0
NGC3605 20.1 16.98 0.6 Poor Poor FR P - - N R 7 0.4 0.7
NGC3610 20.8 15.85 0.81 Poor Poor FR P - N N N 0 0.0 0.0



























Gal Dist. Reff q HI-Type CO-Type Kin. Nuc. Act. Dust morphology Dust R. Dust R. Dust R.
[Mpc] [arcsec] - S12 Y11 E11 N16 T01 SL07 K11 MKY [arcsec] [Reff ] [Kpc]
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)
NGC3613 28.3 26.30 0.54 Poor Poor FR - N - N N 0 0.0 0.0
NGC3619 26.8 26.30 0.91 Rich Rich FR L-AGN - - FBR SS 40 1.5 5.2
NGC3626 19.5 25.70 0.67 Rich Rich FR L-AGN - - D SS 30 1.2 2.8
NGC3648 31.9 13.18 0.56 Poor Poor FR L-AGN - - N N 0 0.0 0.0
NGC3658 32.7 19.05 0.84 Poor Poor FR - - - N N 0 0.0 0.0
NGC3665 33.1 30.90 0.78 Poor Rich FR T - - D R 18 0.6 2.9
NGC3674 33.4 11.22 0.36 Poor Poor FR - - - N N 0 0.0 0.0
NGC3757 22.6 8.91 0.85 Poor Poor FR - - - N N 0 0.0 0.0
NGC3796 22.7 11.48 0.6 Poor Poor SR - - - N IR 7 0.6 0.8
NGC3838 23.5 10.96 0.44 Rich Poor FR - - - N IR 9 0.8 1.0
NGC3941 11.9 25.12 0.75 Rich Poor FR L - - N IR 26 1.0 1.5
NGC3945 23.2 28.18 0.65 Rich Poor FR L-AGN - IR FBR SS 60 2.1 6.8
NGC3998 13.7 19.95 0.78 Rich Poor FR L-AGN - IR,l,0.43 N IR 35 1.8 2.3
NGC4036 24.6 28.84 0.4 Rich Rich FR L-AGN - IR,l F SS 30 1.0 3.6
NGC4078 38.1 8.32 0.44 Poor Poor FR - - - N D 8 1.0 1.5
NGC4203 14.7 29.51 0.89 Rich Rich FR L-AGN - S,l,0.23 N SS 50 1.7 3.6
NGC4278 15.6 31.62 0.91 Rich Poor FR L-AGN - IR N IR 30 0.9 2.3
NGC4283 15.3 12.30 0.96 Poor Rich FR P - - N D 8 0.7 0.6
NGC5173 38.4 10.23 0.87 Rich Rich FR T F3 - B IR 23 2.2 4.3
NGC5273 16.1 37.15 0.84 Poor Rich FR S - S,l,0.14 N IR 18 0.5 1.4
NGC5308 31.5 17.78 0.2 Poor Poor FR P N N N D+ 50 2.8 7.6
NGC5322 30.3 39.81 0.64 Poor Poor SR L - - N N 0 0.0 0.0
NGC5342 35.5 9.33 0.46 Poor Poor FR - - - N D 18 1.9 3.1
NGC5473 33.2 20.89 0.79 Poor Poor FR - - - N N 0 0.0 0.0













































Gal Dist. Reff q HI-Type CO-Type Kin. Nuc. Act. Dust morphology Dust R. Dust R. Dust R.
[Mpc] [arcsec] - S12 Y11 E11 N16 T01 SL07 K11 MKY [arcsec] [Reff ] [Kpc]
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)
NGC5485 25.2 28.18 0.74 Poor Poor FR L - - D R 25 0.9 3.1
NGC5500 31.7 15.14 0.8 Poor Poor FR - - - N N 0 0.0 0.0
NGC5582 27.7 27.54 0.65 Rich Poor FR - - - N D 8 0.3 1.1
NGC5611 24.5 10.00 0.45 Poor Poor FR - - - N D 6 0.6 0.7
NGC5631 27 20.89 0.93 Rich Poor SR L - - D SS 35 1.7 4.6
NGC6547 40.8 11.48 0.33 Poor Poor FR P - - N D+ 25 2.2 4.9
NGC6548 22.4 22.39 0.89 Poor Poor FR - - - N R 12 0.5 1.3
NGC6798 37.5 16.98 0.53 Rich Rich FR L-AGN - - N SS 30 1.8 5.5
NGC7457 12.9 36.31 0.53 Poor Poor FR - - N N D 15 0.4 0.9
PGC050395 37.2 10.96 0.73 Poor Poor SR - - - N N 0 0.0 0.0
UGC04551 28 10.72 0.39 Poor Poor FR - N - N IR 10 0.9 1.4
UGC06176 40.1 10.72 0.51 Rich Rich FR T - - F SS 31 2.9 6.0
UGC08876 33.9 8.51 0.37 Poor Poor FR - - - N R 12 1.4 2.0
UGC09519 27.6 7.41 0.75 Rich Rich FR L - - F IR 20 2.7 2.7
Note.− Column (1): The name is the principal designation from LEDA (Paturel et al., 2003). Column (2): distance in Mpc Cappellari
et al. (2011a). Column (3): projected half-light effective radius Cappellari et al. (2011a). Column (4): the ratio of the major axis
to the minor axis obtained from the ellipticity value Krajnovic´ et al. (2011). Column (5): H I content of the galaxy (S12). Column
(6): CO content of the galaxy (Young et al., 2011). Column (7): Kinematical classification (fast (FR) or slow (SR) rotator; Emsellem
et al., 2011). Column (8): nuclear activity in the galaxy determined 5 GHz radio continuum observations by Nyland et al. (2016).
The letters correspond as following S: seyfert nuclei; L: low-ionization nuclear emission-line region (LINER); L − AGN : LINER AGN;
T : transition nuclei; H: H II nuclei; P : passive nuclei; −: no data. Column (9 − 11): labels used to define the dust morphology
in the previous studies: Tran et al. (2001) (9); Simo˜es Lopes et al. (2007) (10); Krajnovic´ et al. (2011) (11). If the size of the
dust structure is given in the previous studies, we give this value next to the label. Column (12): labels used to define the dust
morphologies in this study. Column (13-15): Our dust radius measurements in the units of arcsec, effective radius, and Kpc, respectively.
Comments.− Labels of the dust morphological classes, D: Dusty disc; IR: irregular dust; R: dusty ring; S:
spiral-shaped structure; N : no-dust structure; D+: almost edge-on dusty disc. Labels used in the previous
studies and different than our classes: F1: flamentary low; F3: flamentary high; l: dust lane or flament.
Table 4.5 – Continued
Appendix 4.C. Figures of classes 119
Appendix 4.C Figures of classes
Appendix 4.D Figures of individual galaxies
120
Chapter 4. Cold gas and dust: Hunting spiral-shape structures in early type
galaxies
Figure 4.17 – Spiral-like Structure (S)-type dusty galaxies. Each tick on the colour-bar
respectively indicates median − 5σ, median − 4σ, median − 3σ, median − 2σ, median − σ,
median, median+ σ, median+2σ, median+3σ. The median and standard deviation values
are calculated in the region of 0-1 Reff which is shown with the black ellipse. The white scale
bar at the bottom corner indicates 1 kpc. On the top-right we show an illustration of the
position angles of the various galaxy components: black: optical (from Krajnovic et al. 2011),
gray: H I-disc (from Serra et al. (2014)).
Appendix 4.D. Figures of individual galaxies 121
Figure 4.18 – Irregular (IR)-type dusty galaxies. The colour-bar and other components are
similar to that of Fig. 4.17
122
Chapter 4. Cold gas and dust: Hunting spiral-shape structures in early type
galaxies
Figure 4.19 – Ring (R)-type dusty galaxies. The colour-bar and other components are similar
to that of Fig. 4.17
Appendix 4.D. Figures of individual galaxies 123
Figure 4.20 – No (N)-type dusty galaxies. The colour-bar and other components are similar
to that of Fig. 4.17
124
Chapter 4. Cold gas and dust: Hunting spiral-shape structures in early type
galaxies
Figure 4.21 – Disc (D)-type dusty galaxies. The colour-bar and other components are similar
to that of Fig. 4.17
Appendix 4.D. Figures of individual galaxies 125
0.6 0.63 0.66 0.69 0.72 0.75 0.78
g-r [mag]





















































































































































































0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8
g-r [mag]































































































































































































Figure 4.22 – The radial profiles of NGC 0661 and NGC 0770
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Figure 4.23 – The radial profiles of NGC 2549 and NGC 2577
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Figure 4.24 – The radial profiles of NGC 2592 and NGC 2594
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Figure 4.25 – The radial profiles of NGC 2679 and NGC 2685
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Figure 4.26 – The radial profiles of NGC 2764 and NGC 2852
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Figure 4.27 – The radial profiles of NGC 2859 and NGC 2950
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Figure 4.28 – The radial profiles of NGC 3098 and NGC 3230
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Figure 4.29 – The radial profiles of NGC 3245 and NGC 3248
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Figure 4.30 – The radial profiles of NGC 3301 and NGC 3377
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Figure 4.31 – The radial profiles of NGC 3400 and NGC 3414
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Figure 4.32 – The radial profiles of NGC 3458 and NGC 3522
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Figure 4.33 – The radial profiles of NGC 3605 and NGC 3610
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Figure 4.34 – The radial profiles of NGC 3613 and NGC 3619
138
Chapter 4. Cold gas and dust: Hunting spiral-shape structures in early type
galaxies
0.16 0.24 0.32 0.4 0.48 0.56 0.64 0.72 0.8
g-r [mag]
-0.32 -0.24 -0.16 -0.08 0 0.08 0.16 0.24 0.32
E(g-r) [mag]







































































g-r Org – 35.0”







































































































































0.51 0.54 0.57 0.6 0.63 0.66 0.69 0.72
g-r [mag]




























































































































































































Figure 4.35 – The radial profiles of NGC 3626 and NGC 3648
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Figure 4.36 – The radial profiles of NGC 3658 and NGC 3665
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Figure 4.37 – The radial profiles of NGC 3674 and NGC 3757
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Figure 4.38 – The radial profiles of NGC 3796 and NGC 3838
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Figure 4.39 – The radial profiles of NGC 3941 and NGC 3945
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Figure 4.40 – The radial profiles of NGC 3998 and NGC 4036
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Figure 4.41 – The radial profiles of NGC 4078 and NGC 4203
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Figure 4.42 – The radial profiles of NGC 4278 and NGC 4283
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Figure 4.43 – The radial profiles of NGC 5173 and NGC 5273
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Figure 4.44 – The radial profiles of NGC 5308 and NGC 5322
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Figure 4.45 – The radial profiles of NGC 5342 and NGC 5473
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Figure 4.46 – The radial profiles of NGC 5485 and NGC 5500
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Figure 4.47 – The radial profiles of NGC 5582 and NGC 5611
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Figure 4.48 – The radial profiles of NGC 5631 and NGC 6547
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Figure 4.49 – The radial profiles of NGC 6548 and NGC 6798
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Figure 4.50 – The radial profiles of NGC 7457 and PGC 050395
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Figure 4.51 – The radial profiles of UGC 04551 and UGC 06167
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Figure 4.52 – The radial profiles of UGC 08867 and UGC 09519

